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ABSTRACT 


Rates  of  nass  transfer  at  olreular  cylinders  rotating 
about  tbelr  axes  In  the  center  of  etatlonary  cylinders  were 
studlfd  by  means  of  solid  dissolution  and  electrolytic  redox 
reactions.  Bensolo  and  Cinnamic  acids  cast  Into  cylinders 
were  dissolved  into  water  and  water-glycerol  solutions*  Alka- 
line potassium  ferrl-  and  ferro cyanide  solutions  in  the  con- 
centration range  0.01  to  0*20  molar  were  used  to  study  mass 
transfer  rates. (through  measurements  of  limiting  current 
densities)  and  the  polarisation  associated  with  the  cathodic 
reduptlon  of  Fe(CM)5**and  anodic  oxidation  of  Fs(CH)6^  on 
nl<&sl  electrodes. 

In  a study  Involving  a large  variation  of  cylinder 
diameters  and  their  ratios  the  magnitude  of  the  gap  was  found 
not  to  affect  the  rates  of  mass  transfer  under  turbulent  flow 
conditions*  The  study  covered  a Schmidt  number  range  of  655 
to  11»490  and  a Reynolds  number  range  of  112  to  241,000* 

A general  correlation  of  the  mass  transfer  data  was 

Sbtalned  in  which  the  J'  (defined  as  l^V  k ■ mass 

ransfer  coefficient,  V » peripheral  velocity.  So  ■ Scheldt 
uud>er)  Is  esqpressed  as  a function  of  the  Reynolds  nuoher  Rd> 
based  on  the  rotor  diameter.  Close  agroei^nt  of  the  if) 
parameter  values  with  the  friction  coefficients  f/2,  deter- 
mined by  Thsoderson  end  Regler,  was  found. 
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I.  IHTROOTCTION 

The  present  Investlgetlon  of  forced  conTeotlon  niass  transfer 
was  carried  out  on  rotating  cylinders  because  of  the  particular  Inter- 
est that  such  a study  has  for  the  Interpretation  of  phenomena  associat- 
ed with  electrolytic  reactions  (9). 

The  effect  of  the  speed  of  rotation  upon  the  rate  of  mass 
transfer  was  first  studied  by  Brunner  (3).  He  expressed  his  findings 
In  the  form  of  the  diffusion  layer  thickness  ^ 


where  R « rotation  speed,  rpm  and  ^ Is  defined  (88)  by  Equation  (2) 

N » (2) 

where  H ■ rate  of  mass  transfer,  nols/on^-aec 

Ac  * concentration  difference  between  bulk  solution  and  electrode 
surface,  laoles/oa* 

However,  Brunner,  who  covered  speeds  In  the  vicinity  of  160 
rpB,  o<m&ldered  neither  the  effect  of  rotor  diameter^  nor  the  physical 
properties  of  the  electrolyte.  Furthermore  the  geometries  of  the 
cells  used  (6)  (20)  do  not  afford  any  clear  definition  of  the  hydro- 
dynamic conditions  and,  therefore,  only  qualitative  deductions  can  be 
made  for  different  experiments. 

nie  methods  of  hydrodynamios  were  applied  for  the  first  time 
by  fittoken  (10)  to  predict  the  effect  of  forced  convection  upon  the 
rate  of  mass  transfer  at  an  electrode*  In  his  experiments  he  rotated 
Ml  external  vessel  containing  the  solution  so  that  a laminar  flow  past 
a stationary  flat  plate  electrode  was  produced. 

Recently  Roald  and  Beck  (26)  have  used  such  rotating  cylinders 
in  a study  of  rates  of  dissolution  of  magnesium  and  its  alloys  in 


hydroohlorlo  aold  lolutlons.  They  found  that  the  rate  of  dissolution 
Increased  with  the  0,71  power  of  the  speed  of  rotation  In  the  region 
of  low  aold  concentrations.  At  higher  aold  concentrations  (1.4  molar 
and  higher)  the  reaction  rates  become  entirely  Independent  of  rota* 
tlonal  speeds,  as  the  stirring  effect  produced  by  the  hydrogen  bubbles 
evolving  at  the  metal  Interface  becomes  predominant.  This  stirring 
effect,  however,  cannot  be  Ignored  even  at  low  acid  oonoentrAtlons  be* 
cause  of  t\irbulenoe  caused  by  the  hydrogen  bubbles  moving  in  the 
boundary  layer  adjacent  to  the  dissolving  magnesium  rod.  For  this 
reason  the  work  of  Roald  and  Beck  In  addition  to  being  limited. In 
scope,  represents  a rather  special  case  of  forced  convection  mass 
transfer  at  rotating  cylinders. 

The  present  work  Involving  studies  of  rates  of  solid  dlssolu* 
tlon  and  of  electrolytic  redox  reactions  was  undertaken  with  the  aim 
to  establish  a gttieral  mass  transfer  ooz>relatlbn  between  the  physical 
properties  of  a system,  geometrical  and  hydrodynamic  conditions  and 
tbs  rates  at  which  a solute  Is  transferred  to  or  from  a rotating 
cylinder. 

II,  EXPERIMERTAL 

1.  Dissolution  Studies  of  Solids  Cast  Into  Rotating  Cylinders 
(a)  Apparatus 

A concentric  cyllad.«leal  cell,  6.16  Inches  high,  built  from 
aeryllo  plastic  (luclte)  was  constructed  In  such  a manner  that  the 
grooved  end  plates  oould  hold,  according  to  need,  one  of  three 
cylindrical  tubes  of  internal  diameters  2.48,  4.00  and  5.47  Inches 
(see  Figures  1 and  2).  A l/2"  diameter  stainless  steel  driving  shaft 
passed  through  a teflon  packing  gland  In  the  center  of  the  top  plate 
and  was  equipped  with  a l/4”  std.  thread  which  allowed  cylinders  of 


varloua  diaattepi  to  be  eorewed  on  to  It  prior  to  the  aaeembling  of 
the  call.  The  rotated  cylinder  waa  aupported  from  the  bottom  plate 
by  a guide  pin  and  teflon  lining  in  order  to  eliminate  eooantrio 
motiona.  Clearancea  between  the  rotating  cylinder  and  the  holea  in 
the  top  and  bottom  platea  were  1/16**.  The  cell  waa  made  liquid  tight 
by  neoprene  rubber  gaaketa  placed  in  the  groowea  into  which  the  eboaen 
cylindrical  luoite  tube  fitted.  By  meana  of  a ground  glaaa  Joint  fit- 
ting in  the  top  plate  a thermoaMter  with  a bulb  reaching  about  3/4" 
into  the  cell  interior  could  be  inserted.  Nipples  and  vents  on  the 
top  plate  facilitated  the  filling  of  the  cell.  The  entire  assembly 
was  held  together  by  meana  of  a crews  and  supported  by  a atruoture 
specially  designed  (see  Figure  1)  to  minimite  meohanioal  vibrations* 

A 176C  rpm  induction  motor  operated  from  a regulated  110  A*C.  voltage 
supply  waa  used  to  drive  a Zero-Max  variable  speed  drive  (Revoo,  Inc*, 
Minneapolia,  Minn.)  with  a maxi  mum  apeed  on  the  output  end  of  450  rpai. 
Two  aets  of  pulleys  with  diameter  ratios  Itl  and  lt5  and  a V-belt 
drive  between  the  Zero-Max  and  the  drive  shaft  of  the  cell  allowed  a 
convenient  aeleotion  of  any  si>eed  in  the  range  0-2200  rpm*  Within 
^ l/2  % a set  speed  remained  constant  during  runs  lasting  up  to  2j^ 
hours*  An  accurate  electric  tachometer  (Matron  Inatrum*,  Inc*, 

Denver f Colo.)  was  used  for  rpm  measurements.  The  solid  cylinders 
for  these  mass  transfer  studies  were  formed  by  melting  the  solute  and 
casting  around  a duraluminum  spool  placed  in  the  interior  of  a speoial- 
ly  designed  duraluminum  mold.  TOe  spool  when  removed  from  the  mold 
held  the  solidified  solute  in  the  form  of  a 6|r"  long  cylinder  (see 
Figure  5).  Three  molds  allowed  the  casting  of  cylinders  of  diameters 
of  0*81*  1*73  and  2*35  Inches* 
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b.  Procedure 

Axi&iytical  grade  Bensoio  Acid  (Mallinorodt  Co*)  and  trana- 
Clnnamio  Aoid  (Eastman 'Kodak  Co.)  were  used  In  casting  the  cylinders. 

A satisfactorily  cast  cylinder  was  machined  in  a lathe  to  a given 
diameter  (Figure  3),  freed  fx*om  any  Ico^e  powder,  washed  and  dried  at 
room  temperatures  in  a dessloator. 

The  cylinder  mounted  In  the  center  of  the  cell  was  connected 
to  the  driving  shaft  as  shown  in  Figvire  1;  the  cell  was  rapidly  filled 
with  de«aerated  distilled  water  or  aqueous  glycerol  solutions  and  the 
rotation  started  at  a preset  speed. 

The  time  required  for  filling  (as  well  as  for  enq;)tylng)  the 
cell  was  important,  since  some  of  the  solute  could  dissolve  dtiring 
this  period.  With  careful  preparations  this  period  was  reduced  to 
90«120  seconds  during  which  the  cylinder  remained  stationary.  By 
special  filling  and  emptying  tests  the  amounts  dissolved  during  these 
periods  were  determined  and  suitable  corrections  applied  in  the  cal- 
culation of  the  rates. 

The  solvent  was  introduced  into  the  cell  at  26°  C.  The  temper- 
ature was  maintained  within  0.5°  G during  a xnin  by  blowing  warm  or 
cool  air  on  the  cell.  All  runs  were  executed  in  the  range  of  24-26°C. 
The  teo^erature  and  rotational  speed  were  frequently  checked  for 
constancy  during  a run. 

The  time  of  duration  of  an  experiment  varied  from  15  minutes 
for  hi^  speeds  to  15C  winutes  for  low  rotational  speeds.  To  assure 
smooth  stirfaces  in  each  run  it  was  necessary  to  oast  and  machine  new 
cylinders  for  every  experiment. 

At  the  end  of  a run  the  cell  was  rapidly  emptied  and  the  volume 
of  the  withdrawn  liquid  carefully  measured.  From  this  liquid  volume 


and  the  oonoentratlon  determined  by  a simple  acid-base  titration  the 
total  amount  of  bensoio  or  oinnamio  aoid  dissolved  during  a run  was 
determined* 

Diameters f of  the  rotating  cylinders  used  in  this  study 
ranged  fron  1*96  cm  to  5.98  om  and  the  gaps,  h,  between  the  rotating 
and  the  stationary  cylinders  yarled  from  2*07  to  5*96  cm. 

6 . Method  of  Caloulatly^ 

At  the  beginning  of  a run,  as  described  in  the  preceding  see- 
tlon,  the  concentration  of  the  solute  in  the  bulk  of  the  solutloh#  o, 
is  aero.  As  the  experiment  proceeds  this  oonoentratlon  gradually 
builds  up,  until  at  the  end  it  reaches  the  value  o^,  known  tram  the 
titration  of  the  liquid  withdrawn  from  the  cell.  At  the  interface 
between  the  rotating  cylinder  and  the  s elution  the  solute  concentra- 
tion is  at  all  times  equal  to  the  saturation  concentration,  o^'«  This 
aesuisption  is  justified  in  view  of  the  work  of  Hoyes  and  Whitney  (21) 
Thus  the  bmss  transfer  of  the  solute  dissolving  into  the  solution 
occurs  here  under  unsteady  state  conditions  with  a gradually  diminish 
ing  concentration  difference.  Assuming  a constant  mass  transfer  co- 
efficient, k^,  defined  by  the  equation 

N ■ t®) 

where  H “ rate,  moles/cm*-seo. 

d0||  “ mean  concentration  difference,  moles/oo. 

this  case  becomes  analogous  to  a heat  transfer  problem  in  which  a log 
mean  of  ‘the  diminishing  teBq;>erature  driving  force  is  used.  Thus 


where  and  A04  denote  the  final  and  initial  coneentratlon  differ- 
enoe  between  the  Interface  and  solution  bulk.  In  a separate  aeries 
of  experiments  the  solubilities  of  cinnamic  and  bensclc  acids  were 
determined  In  the  range  of  22-27^  C.  From  these  values  and  the  con- 
centration, Of,  determined  analytically  at  the  end  of  each  zun  and 
the  above  equation,  the  values  of  AO||  were  calculated. 

The  rate,  N,  of  the  dissolution  of  solids  was  determined  from 
the  amount  dissolved  (product  of  solution  volume  and  final  concentra- 
tion, 0^),  the  Interfaolal  area.  A,  and  the  time,  t.  The  mass  transfer 
coefficient,  was  then  calculated  for  each  run  by  means  of  Equation 
(3). 

Densities  and  vlsoosltles  of  the  bensolc  and  cinnamic  acid  so- 
lutions were  measured  (see  Appendix)  and  for  diffuslvltles  the  data 
of  Chang  (6)  were  used.  Average  physical  propez^les  of  the  Interfaoial 
film  were  used  In  the  computations.  Temperature  corrections  were 
applied  to  all  properties  to  correspond  to  the  actual  temperatures  of 
the  Individual  runs. 

2,  Mass  Transfer  at  Rotating  Electi«odes 

One  of  the  alms  of  the  present  study  was  to  find  an  electrode 
reaction  which  would  be  leu?gely  mass  transfer  controlled,  l.e.,  would 
Involve  a small  activation  energy.  Such  a reaction  would  Involve  a 
negligible  chemical  polarisation  and  hence  could  be  used  to  obtain 
mass  transfer  rates  by  measurements  of  the  polarisation  of  the  elec- 
trode • 

Some  reduction-oxidation  reactions  have  long  been  suggested  by 
several  Investigators  (11) (12) (14)  to  occur  with  negligible  chemical 
polarisation.  Another  advantage  In  using  a redox  reaction  lies  In  the 
fact  that  the  electrode  surface  remains  smooth  throughout  the  experl- 


These  eons Iderat ions  hSTS  led  to  the  selection  of  the  ferri- 
ferrccyanlde  couple  end  nickel  electrodes. 

An  excess  of  sodium  hydroxide  was  used  In  order  to  ellsdnate 
the  effect  of  Ionic  migration  (1}(£8). 

Solutions  of  potassltua  ferrl*  and  ferrocyanlde  and  partlcularr 
ly  the  ferrocyanlde,  are  known  to  decotspose  slowly  by  the  action  of 
light  result Ifi  ; In  the  formation  of  cyanide  and  hydroxide  Ions  accord- 
ing to  the  following  equations  (13) (19) t 

[Pe(CH)g]"^  + H«0  [Pe(CN)gH,0]“®  + CH“ 

CN"  ♦ H,0  ■■  — HCN  + OH" 

Solutions  used  In  these  studies  were  freshly  prepared  for  each 
series  of  runs  In  black  Jena  glass  bottles  and  were  never  stored  for 
any  appreciable  time. 

a.  Apparatus  and  Procedure 

The  cell  assembly  and  drive  used  for  the  electrolytic  experi- 
ments were  the  same  as  described  previously.  Three  Inner  nickel  elec- 
trode rotors  (dla.  1.273,  2,48  and  5.024  cm)  and  three  outer  cylindri- 
cal nickel  electrodes  (Inside  dla.  6.07,  0.67,  and  13,69  cm),  all  15.11 
cm  long,  were  used  (Figure  2).  These  offered  nine  possible  geoaetrl- 
oal  coBiblnatlans  of  concentric  cylinders  with  the  ratio  of  the  gap  to 
diameter  of  the  Inner  electrode  (h/d^)  ranging  from  0.104  to  4.68. 

The  outer  electrodes  fitted  tightly  Into  the  luclte  cylinders  which 
together  with  the  grooved  endplates  permitted  the  assembling  of  a cell 
of  any  of  the  above-mentioned  geoewtrlee.  Figure  4 shows  an  example 
of  one  of  these  arrangements.  A luslte  nipple  on  the  top  plate  of  the 
assembled  cell  was  screwed  Into  a small  tapered  hole  which  on  the 


inside  of  this  plate  ended  with  a l/4  sn  diameter  and  was  located  at 
a distance  of  2,541  cm  from  the  axle  of  the  cell  (Figure  5),  Through 
this  hole  and  a piece  of  polyethylene  tubing  a continuous  liquid  June- 
tion  led  to  Reference  cell  No,  1,  equipped  with  a nickel  electrode  and 
filled  with  the  same  solution  as  that  in  the  electrolytic  cell  (see 
Figure  5).  Reference  cell  No.  2 was  connected  with  the  cell  by  means 
of  a tefloii  nipple  leading  through  the  center  of  the  luolte  cylinder 
and  ending  flush  with  the  inner  side  of  the  outside  electrode  with  a 
1/4  nn  hole. 

Current  was  drawn  from  storage  batteries  and  the  electrical 
connection  tc  the  rotating  electrode  was  accomplished  by  means  of  a 
mercury  well  (W  in  Figure  6).  Figure  5,  a schematic  diagram  of  the 
cell  and  circuit,  shows  also  the  connection  of  the  two  reference  elec- 
trodes Hos.  1 and  2 to  the  cell.  The  reference  electrodes  consisted 
of  nickel  rods  irsnersed  in  a solution  of  the  same  composition  as  the 
bulk  liquid  in  the  cell.  The  ohmio  potential  drops  across  the  por- 
tions of  the  solution  included  in  the  potential  measurements  were 
calculated  from  the  oondvctlvlty  and  subtracted.  Thus  total  net 
polarisations  of  the  electrodes,  were  determined  at  each  applied 

current  density,  I. 

Sodium  hydroxide  (2  N)  was  used  as  the  indifferent  electrolyte. 
Potassium  ferricyanlde  and  potassium  ferrocyanide  being  present  in 
approximately  equal  amounts  in  the  concentration  range  of  0,009  to 
0,209  a^L,  Solutions  prepared  trom  C.P,  chemioals  (Merck  and  Co,) 
were  kept  in  black  Jena  glass  bottles  to  minimise  the  effects  of 
li£^t.  The  analysis  for  ferricyanlde  was  by  means  of  the  lodometrlc 
procedure  (17)  and  permanganate  titrations  (26)  were  used  for  ferro- 
cyanide  determinations. 


The  solutions  were  de-aerated  and  nitrogen-saturated  prior  to 
use  to  eliminate  oxygen,  which  may  Introduce  appreciable  errors,  es- 
pecially in  case  of  low  concentrations  of  the  depolarizer « A standard 
preparation  procedure  for  the  nickel  electrodec.  was  used  throughout 
all  experiments.  It  consisted  of  a rouge-paper  polishing,  a CCl^ 
washing  and  a cathodic  treatment  in  a NaOH  solution. 

When  the  cell  was  assembled,  filled  and  the  inner  electrode 
set  in  rotation  at  a chosen  speed,  current  was  passed  and  increased  by 
small  Increments  and  the  potential  measured  at  each  setting.  From  the 
plateau  In  the  current-potential  curve  the  limiting  current  d^sitles 
were  evaluated  (see  Figures  6 and  7).  At  a given  rotational  speed 
each  run  was  first  completed  with  the  rotor  as  the  cathode.  Then  the 
polarity  was  reversed  and  a run  was  carried  out  with  the  rotor  as  the 
anode.  Speeds  used  varied  frcan  50  to  1660  rpm.  The  temperature  of 
26^  C • 0,3  was  maintained  by  blowing  preheated  or  precooled  air  on 
the  outside  of  thf  cell. 

Physical  properties  of  the  solutions  were  determined  in  the 
teiqperature  range  of  20-30^  C. 

Conductivities  were  measured  in  a conventional  conductivity 
cell,  using  a Wheatstone  1000  cycle  A.C.  bridge. 

Viscosities  of  the  solutions  relative  to  water  were  measured 
In  a thermostat  with  an  Uebelohde  pipette,  and  the  absolute  viscosi- 
ties calculated  using  densities  obtained  by  ploknometer  determinations 

Diffusion  coefficients  for  the  ferri-  and  ferrooyanlde  Ions 
were  measured  by  means  of  a capillary  method  similar  to  that  of 
Anderson  and  Saddlngton  (2). 

b.  Method  of  Calculation 

. At  limiting  current,  when  the  Interfaclal  concentration  of  the 
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reacting  species  becomes  tero,  the  rate  of  Ionic  mass  transfer  of 
fezrioyanlde  Ion  to  the  cathode  or  of  ferrocyanlde  to  the  anode  can 
be  expressed  as  (28): 

N « ^ (1  - ti)  « (6) 

irtiere  « cathodic  (I^)  or  anodic  (I^)  limiting  current  density, 
amps/om* 

n « valence  charge  of  reacting  ion 

F ■ the  Faraday  constant 

Oq  * bulk  concentration  of  reacting  Ion,  rooles/oo. 
t^  « transference  number  of  the  reacting  ion 
k^  ■ average  mass  transfer  coefficient,  on^seo. 

Since  the  transference  xaxmbers  of  ferri*  and  ferrocyanid#  ions  did  not 
exceed  0.031  (and  were  usually  much  lower)  due  to  the  la^a  akeass  of 
HaOfi  used  as  the  indifferent  electrolyte,  their  migration  may  be 
neglected  and  Equation  (5)  rewritten  as 

* • HP  * ^L°0 

Thus  by  means  of  Equation  (6a)  the  average  mass  transfer  oo- 
efficient,  k^,  for  ferrloyanide  reduction,  and  k^  for  ferrocyanlde 
oxidation  were  calculated  for  each  run.  These  were  tabulated  as 
dimensionless  groups  k^/V  and  k^/V  where  V denotes  the  peripheral 
velooity  at  the  rotating  electz*ode  aurfaoe. 

From  the  measured  values  of  viscosity,  |i>,  density,  p , and  dif- 
fusion Gooffioients  and  oorreoted  to  the  temperature 

of  a given  run,  the  corresponding  Sdhmidt  groups.  So  * u/pl)  were 
computed  for  the  anodic  and  cathodic  e:qperiments  • 

The  two  kinds  of  Reynolds  numbers  were  calculated.  One  based 
on  tke  gap,  h,  between  the  two  oylindrloal  eleotrodes  was  defined} 
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K f 


V • peripheral  velocity,  am/BBt» 

d "df 

■ gap  between  the  oyllndrloal  eleotrodeag  ea« 

V «.klneaatlo  viaooalty,  oa^/eeo. 

The  other  waa  baaed  on  the  dlaoeter,  d^,  of  the  Inner  rotating 

V.d, 


electrode  and  defined  aat 

®d  v“ 

III.  RESULTS  AND  DISCUSSION 
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a. ) Nature  of  Flew 

The  hydrodynamlo  aapeota  of  the  flow  between  rotating  oonoen* 
trio  oylindera  have  been  inveatlgated  by  Taylor  (£6),  who  obtained 
an  equation  for  the  atabllity  limit  of  the  laminar  flow  aa  a funotlon 
of  the  gdp  to  radlua  ratio,  h/r^,  klnematlo  vlaeoalty,  v,  and  the 
Reynolda  nuaher^  R|^,  baaed  on  the  gap,  h,  between  the  oylindeps.  The 
emaller  thla  gap,  the  hl^er  the  liadt  for  apeeda  up  ^o  whioh  the 
flow  renaina  laminar.  Caloulatlone  for  the  two  geometrloal  arrange^ 
manta  of  oella  uaed  in  theae  atudlea  with  the  two  amalleat  li^r^ 
ratioe,  namely  0«20d2  and  0»9S45  (for  the  largeat  rotor  uaed, 
r^  ■ £»512  om)  ahowed  atabllity  llmlta.of  8*54  rpm  and  1*57  rpm 
reapeotively . Thla  meane  that  even  in  oaae  of  the  amalleat  gap  uaed 
(h  ■ 0,525  em),  it  would  be  neoeaaaz7  to  go  down  to  apeeda  below  8«64 
rpm  to  aeeure  laminar  flow.  However,  at  theae  l«w  rotational  apeeda 
the  contribution  of  natural  oonveotlon  to  the  rate  of  maaa  tranafer 
would  obaoure  that  of  foroed  oonveotlon  produced  by  rotation,  !Rxua 
in  order  to  make  negligible  the  effeota  of  a auperlnqpoaed  natural 
oonveotlon,  all  atudlea  were  oarrled  out  ubder  oondltlona  of  a well 
developed  turbulence.  In  epeoial  experlmenta,  involving  injection 


of  dyes  into  the  fluid  during  the  rotation,  fully  developed  turbulence 
was  observed  at  the  lowest  speeds  used  in  these  studies, 
b,)  Character  1st  to  I»ength  Diaension  in  the  Reynolds  Number 

In  the  initial  phase  of  the  mass  transfer  studies  it  was 
important  to  decide  idiether  the  diameter,  d^,  of  the  rotor  or  the 
gap,  h,  between  the  cylinders  was  the  characteristic  length  dimension 
entering  the  Reynolds  number  tidiloh  describes  the  nature  of  the  flow. 
Taylor  (26),  idio  studied  streamline  flow  and  its  stability,  based  the 
Reynolds  number  on  the  gap.  Since  all  experiments  performed  in  these 
studies  were  in  region  of  turbulent  flow  the  problem  of  the  charac- 
teristic length  appeeu?ed  to  be  of  first  importance. 

The  problem  was  solved  by  an  analysis  of  the  mass  transfer 
data  obtained  for  dissolution  of  benzoic  acid  into  water  (Tables  1, 

2 and  3)  as  outlined  in  the  following  discussion. 

In  predicting  mass  transfer  coefficients  in  the  turbulent 
region,  Chilton  and  Colburn  extended  the  analogy  between  heat  transfer 
and  fluid  friction  (7)  to  include  mass  transfer  (6).  Ejipressed  in 
terms  of  dimensionless  groups  the  equation  can  be  written  as: 

« g(Re)  (8) 

where  - mass  transfer  coefficient,  on/sec 

V - peripheral  velocity  at  rotor  sxirface,  crn/sec 
So  - Schmidt  number 
f • friction  factor 

g(Re)-  a function  of  He  number 
V«1 

Re  « Reynolds  number 

1 - characteristic  length  dimension  in  Re  number 

Assuming  at  first  the  gap,  h,  to  be  the  Is^rtant  length 
dimension,  the  data  for  benzoic  acid  were  plotted  in  Fig,  8 as 
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against  « V*h/v,  Ab  oan  be  aeen  from  this  log '-log  plot,  the  data 
for  experimental  eerlea,  with  varying  values  of  the  gap  to  rotor 
diameter  ratios  (h/d^),  greyped  along  separate  parallel  lines  with 
the  slopes  of  • 0»30«  This  suggested  that  In  terms  of  the 

mass  traensfer  parameter  must  be  expressed  as: 

jp  * const  g»(h/dj)  (9) 

To  find  the  nature  of  the  function  g*  (h/d^^)  a orosspiot  of  Flg«  8 
was  prepared  at  several  values  of  Rj^»  As  shown  In  Fig*  9 at  any 
given  Rj^,  Jp  Increases  with  the  ^K)*3  power  the  h/d^  ratio , Thus 
from  equation  (9) 

ip«  const const 

w const  (10)  (*) 

Hence  the  mass  transfer  data  should  cosrrelate  best  with  a 
Reynolds  number  based  on  the  rotor  diameter.  Indeed  as  shown  in 
Fig,  10  a single  line  was  obtained  In  a plot  of  dgftinst  R^"V*d|^/v, 
The  conclusion  that  In  turbulent  flow  the  effect  of  the  gap 
vanishes  Is  further  substantiated  by  Wendt’s  findings  (89)  according 
to  shlch  the  frictional  drag  for  unstable  flow  produced  by  the  Inner 
rotor  Is  Independent  of  the  gap.  This  must  have  been  also  the 
soneluslon  of  Theodorsen  and  Regler  (87)  who  measured  drag  coeffi- 
cients on  rotating  cylinders  In  a variety  of  fluids  and  correlated 
them  with  the  Reynolds  number  based  on  the  radius  of  the  rotor* 

C } It  should  be  noted  at  this  point  that  Chllton-Colburn* s 
Jp-parameter  was  used  only  fqr  a prelSs^hary  exploration  of  the 
nature  of  the  Reynolds  number  Involved,  As  shown  further*  the 
actual  eorrelstloA  of  the  mass  transfer  data  was  based  on  a 
modified  j^-parameter.  Also  the  functional  dependence  on  the  R^ 
as  given  by  equation  (10)  must  be  regarded  as  an  approximation 
which  was  useful  In  the  above  mentioned  Investigation* 
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c«)  Effect  of  the  Schmidt  Humber 

The  Schmidt  number  values  ranged  in  this  study  from  835  to 
11,490,  In  a plot  of  against  R^,  parallel  but  separate  curves 
were  obtained  for  each  of  the  investigated  systems,  as  8ho?m  in 
Fig,  11  where  the  curves  are  shown  with  the  corresponding  average 
So  values  of  the  systems.  The  functional  dependence  of  the  mass 
transfer  coefficient  on  the  physical  properties  of  the  system  as 
represented  by  the  Schmidt  number  was  obtained  by  a crossplot  of 
Fig,  11  at  various  values  of  the  Reynolds  niunber  shown  in  Fig,  12, 

The  results  lead  to  the  conclusion  that 

■ ■■  * const  g(Rjj)  (11) 

where  g(R^)  represents  a function  of  the  Re2niolds  number,  R^, 

For  further  mass  transfer  correlations  a new  parameter  was 
therefore  defined  as  follows: 

Jf)  **  (*)  (12) 

It  should  be  i>ointed  out  that  the  e;q>onent  of  2/3  employed  by 
Chilton  and  Colburn  (6)  was  not  based  on  diffusion  data,  it  was 
chosen  by  a successful  correlation  of  early  beat  transfer  data. 

Mass  transfer  data  were  scarce  at  that  time  and  represented  systems 
with  Schmidt  values  close  to  unity,  A substantial  extension  of  the 
Sc-range  to  values  of  1,000-3,000  was  made  by  Linton  and  Sherwood  (16), 
who  studied  dissolution  of  solids  in  flow  through  round  tubes,  past 

C)  Strictly  speaking  the  definition  should  include  a'^ilm  factor" 
(30,  31)  accoiuting  for  the  volume  change  in  the  course  of  reaction. 
For  the  electrode  reactions  there  is  no  net  volume  change  while  for 
the  solid  dissolution  the  volume  change  is  negligible  so  that  in  both 
cases  the  film  factor  can  be  taken  as  uzilty. 


flat  plates  and  other  shapes.  They  reported  an  agreement  with  the 

Chllton»Colburn  relation  within  40^.  The  present  atudy  Includes 

Schmidt  numbers  from  835  to  11^490.  The  simplicity  of  the  present 

correlating  parameter  (equation  10)  and  its  closeness  to  Chilton* 

Colburn’s  is  rather  remarkable  in  view  of  the  uncertain  empirical 
« 

basis  of  the  latter. 

A more  precise  investigation  of  the  relation  between  mass 
transfer  rates  and  fluid  friction  such  as  were  developed  for  flow 
in  tubes  and  past  flat  plates  by  Prandtl,  Uuridiree«  von  Kaman, 
Relohardt  and  others  (8)  may  Involve  serious  difficulties  for  the 

case  of  rotating  cylinders,  in  view  of  the  findings  of  Pai  Shi*  I 

. I . 

(22).  From  a study  of  turbulent  air  flow  between  rotating  coaxial 
cylinders  he  concluded  that  the  turbulent  flow  in  the  gap  cannot  be 
considered  two  dimensional.  A peculiar  type  of  secondary  motion 
consisting  of  three-dimensional  ring-shape  vortices  takes  place.  The 
number  of  these  vortices  depends  on  the  rotational  speed.  This 
secondary  motion  has  an  essential  part  in  the  momentum  transfer  and 
is  responsible  for  the  lack  of  a homologous  turbulence^  id)iob  would 
be  neoess€u:>y  for  any  precise  mass  and  momentum  transfer  analysis* 
d. ) The  General  Mass  Transfer  Correlation 

The  mass  transfer  data  for  three  solid  dissolution  systems 
and  two  electrolytic  reactions  in  five  solutions  of  various  Concen- 
trations were  correlated  according  to  the  relation: 

« I m g(R^)  (13) 

t 

Individual  log-log  plots  of  versus  for  the  five  systems 
were  prepared  in  order  to  determine  the  functional  dependenoe  on  the 
Reynolds  number . 
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The  data  for  benzoic  acid  dissolution  into  water,  shown  in 
Fig.  13,  represent  experiments  with  three  nominal  rotor  diameters 
ranging  from  1.94  to  5.98  cm  with  Series  I (diameter  of  outside 
cylinder,  d^*  13,86  cm)  and  Serios  II  (d^»  10.10  cm).  They  cor- 
related well  in  the  log-log  plot  of  versus  with  an  average 
scattering  of  - 7.5^.  The  maximum  deviation  (one  point  in  the  region 
of  low  values)  is  + 28^.  In  view  of  the  wide  range  5f  Reynol is 
numbers  studied  (239  to  241,000)  the  results  appear  satisfactory 
within  the  limitations  of  experimental  error. 

Figs.  14  and  15  show  the  same  correlation  for  benzoic  acid 
dissolution  into  3,j.65  molar  (G-II)  and  4.44  molar  (O-I)  glycerol- 
water  solutions  respectively.  These  systems  with  average  Schmidt 
nun^ers  5,050  and  10,910  were  studied  over  the  Reynolds  nurber  range 
of  786  to  48,800.  An  average  scattering  of  - 3.5)(  with  a maximum 
deviation  of  was  obtained  for  the  3.65  molar  solution.  In  the 
more  viscous  4.44  molar  glycerol-water  solution,  the  average  and 
maximum  deviations  were  - 6%  and  '*’13)^  respectively. 

Experiments  for  olnnanlo  acid  dissolutions  into  water  yielded 
rather  unsatisfactory  results.  The  solubility  of  cinnamic  sold  in 
water  is  very  slight  (see  Appendix),  any  errors  in  the  analysis  for 
the  amount  dissolved  could  cause  serious  errors  in  the  calculation 
of  the  driving  force  dC||  (equation  4)  and  consequently  in  the  value 
of  the  mass  transfer  coefficient  k^.  Because  of  limitations  in  space 
the  data  for  cinnamic  acid  were  not  presented  here. 

The  mass  transfer  correlation  for  the  two  electro lytlo 
reactions,  cathodic  reduction  of  ferrioyanlde  and  anodic  oxidation 
of  ferroeyanide,  for  five  different  concentrations  are  shown  in 
Figs.  16  and  17.  The  data  for  ferrioyanlde  (Schmidt  number  range 
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2,230-3,130)  show  an  average  devlstlon  of  t f%  and  a staxlsan  devia- 
tion of  18.5^  from  the  correlating  curve.  The  ferrocyanide  system 
(Schmidt  number  range  2,390-3,650)  correlates  with  an  average  devia- 
tion of  • 6.6JK,  the  maximum  being  close  to  1S%.  The  range  of 
Reynolds  numbers  covered  by  the  electrolytic  system  is  112  to 
162,000. 

A survey  of  the  correlations  of  the  individual  system  suggests 
that  in  the  Reynolds  number  range  of  1,000  to  100,000  the  curves  in 
the  log-log  versus  plots  can  be  approximated  by  straight  lines 
with  a -0,30  slope.  The  relation  can  thus  be  expressed  as: 

Jjj'  * I const  (14a) 

The  average  constant  of  Equation  (14a)  for  the  five  systems  was  cal- 
culated to  be  0.0791. 

All  data  for  the  above  listed  systems  were  plotted  together  in 
Figure  18  (without  differentiating  them  individually)  and  a straight 
(dashed)  line  representing  the  equation: 

JjJ  * ^ » 0.0791  (14b) 

was  drawn  in.  This  line  correlates  data  over  the  range  1,000- 
100,000  quite  satisfactorily.  The  solid  curve  gives,  however,  a 
better  representatlou  of  all  data.  The  average  deviation  from  this 
general  correlating  curve  is  - 8.3)(,  the  maximum  deviation  found  for 
one  point  in  the  low  range  is  32)(.  The  general  correlation  of 
mass  transfer  at  rotating  cylinders  is  based  on  over  290  runs  for 
five  different  systems. 

Table  A lists  the  range  of  property  values  studied  for  each 
individual  system.  The  general  correlation  thus  covers  a broad 


vapiatlon  of  the  geometry  (range  of  gap  tp  diameter  ratio  0,104  to 
S.S77)  of  the  oharaoterlatio  of  flow  range  112  to  241,000)  and  of 
the  pbyoioal  properties  of  the  system  (So  range  9*35  to  11,490),  The 
close  agreement  between  the  results  for  electrolysis  and  for  solid  dis- 
solution within  broad  ranges  of  physical  properties  and  experimental 
oondltlons  supports  the  general  validity  of  the  method  of  correlation 
(See  Table  B for  the  coordinates  of  the  versus  R^  curve  represent- 
ing the  general  correlation). 

Previous  studies  relating  to  mass  transfer  at  rotating  elec- 
trodes were  limited  in  scope  and  can  be  compared  to  the  present  work 
only  in  respect  to  the  functional  dependence  on  the  rotational  speed, 
Roald  and  Beck  (23)  found  for  rotating  magnesium  electrodes: 

kj.  m const.  (16) 

This  is  in  agreement  with  the  results  of  the  present  study 
since  Eq^aticn  (16)  can  be  shown  to  follow  from  Equation  (14a)  for  a 
given  system  (constant  v and  So)  and  given  rotor  diaamter. 

In  oonneotion  with  the  mass -momentum  transfer  snalogies  such 
as  represented  by  the  Chilton-Colburn  relation  (Equation  8)  it  is  of 
interest  to  compare  the  correlation  of  this  work  with  friction 
factors  derived  from  measurements  of  the  drag  on  cylinders  rotating  in 
various  fluids  obtained  by  Theodorsen  and  Regier  (27),  Their  von 
Karman  type  equation  for  friction  coefficients  for  smooth  cylinders 
can  be  written  (allowing  for  changes  in  definitions  and  symbols)  in 
explicit  form  as: 

log  R^  - + 0.2979  (17) 

A curve  representing  this  equation  was  drawn  in  Figure  19,  in 
which  the  curves  best  correlating  the  mass  transfer  for  the  five  sys- 
tems of  Figures  13,  14,  16,  16  and  17  were  also  reproduced,  A com- 
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parison  of  these  lines  suggests  the  following  conclusions. 

(a)  The  curves  representing  the  mass  transfer  correlations 
for  the  systems  studied  all  esdblblt  the  same  functional  dependence  of 

versus  as  does  the  friction  coefficient,  f/2  (Equation  17). 

(b)  All  mass  transfer  curves  lie  above  and  within  the  limits 
of  the  average  experimental  error  Involved  In  the  detersdnatlon  of  f/2 
(these  limits  are  Indicated  In  Figure  19).  Thus  the  mass  transfer 
correlation  can  be  ejqpressed  ast 

JjJ  « I Sc°*®^  f/2  (18) 

where  f/2  Is  given  by  Equation  (17). 

(o)  The  curves  for  the  dissolution  of  solids  lie  above  those 
for  the  electrolytic  experiments  and  also  above  the  f/2  versus  R^l±ie. 
Since  during  an  e3q>erlment  for  dissolution  of  a solid  the  surface 
gradually  loses  Its  smoothness,  an  Increase  In  the  drag,  l«e».  In  f/2 
and  therefore  also  of  the  Jp  values, Is  to  be  expected.  Indeed 
TheodorsMi  and  Regler  (27)  have  found  higher  f/2  values  for  cylinders 
with  different  degrees  of  roughness.  In  the  electrolytic  experiments 
Involving  redox  reactions  no  changes  In  surface  smoothness  occur  which 
explains  why  the  corresponding  versus  R^  lines  lie  lower  (than 
those  for  the  solids)  and  closer  to  the  f/2  line  for  smooth  cylinders. 

In  the  R^  range  1,000-100,000  Equation  (17) may  be  approximated 
quite  closely  by 

f/2  0,0794  (19) 

This  equation  shows  that  f/2  and  have  an  almost  Identical 
functional  dependence  on  R^  (see  Equation  14b).  The  close  agreement 
of  Jhe  mass  transfer  data  with  friction  coefficients,  while  certainly 
encouraging  In  view  of  the  Chllton-Colburn  analogy,  nust  be  taken  with 


due  caution.  The  present  state  of  knowledge  does  not  allow  an 
exact  analysis  of  the  nass-moaentua  transfer  analogy  for  the  case 
of  a concentric  inner  cylinder  rotating  in  a Tiscous  fluid. 
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NOKENCIATURE 

Snsbol 

Definition 

Units 

k 

Interfaeial  area  for  mass  transfer. 

cm* 

®c 

Concentration  of  a given  species  in  the  bulk 
of  the  solution. 

moles/oo 

Concentration  of  saturated  solution  at  the 
interface  of  the  solid. 

moles/oo 

Concentration  of  reacting  ions  at  the  electrode 
interface . 

moles/oo 

AOn 

Log  mean  of  the  concentration  difference. 

moles/ CO 

Bulk  concentration  of  ferricyanide  ions. 

moles/oo 

®ferro 

Bulk  concentration  .of  ferro cyanide  ions 

moles/oc 

Dlaneter  of  the  inner  rotating  cylinder. 

cm 

Diameter  of  outside  stationary  cylinder. 

cm 

Diffusion  coefficient  of  species  k. 

em*/sec 

k 

Total  polarisation. 

mV 

P 

Faraday  equivalent.  96,500  oouloah/e<|]lV( 

h 

Oap  between  the  concentric  cylinders. 

cm 

1 

Total  current . 

aisps 

I 

Current  density. 

mA/oa* 

Limit ing  current  density,  in  general. 

Anodic  limiting  current  density. 

mk/ cm* 

Cathodic  lliaiting  current  density. 

mA/cm* 

k 

Mass  transfer  coefficient,  generally. 

oa^sec 

^'a 

Mass  transfer  coefficient  at  the  anode. 

ca^seo 

''o 

Mass  transfer  coefficient  the  cathode. 

oo/b9C 

Mass  transfer  coefficient  for  solid  dissolution 

oa^seo 

t 

Characteristic  length  in  the  Reynolds  number 

cm 

L 

Height  of  the  rotor 

OB 

/ 

timber  of  electrons  exchanged  in  the  electrode 
reaction, 

Rato  of  mass  transfer. 

7 

Universal  gas  constant,  8.313  x 10  . 

Radii  of  outer  and  inner  cylinders 
respectively. 

Rotational  speed. 

Rotational  speed. 

Time. 

Temperature . 

Peripheral  velocity  at  the  Rotating  cylinder. 


molea/esi*/**o 

erg/^K-mole 

esi 

rpa 

rev/eec 

see 


Greek  Symbols 


Increisental  amount. 

Thickness  of  diffusion  layer.  cm 

Dynamic  viscosity.  g/osfsee 

Kinematic  viscosity. 

Density.  g/o«* 

Angular  velocity.  rsdians/seo 


Dinmnsionlese  Groups 

So^^^,  the  Chilton-Colburn  mase  transfer  parasMter. 

k 0 644 

& Sc  , mass  transfer  parameter  for  rotating  cylinders. 

V«h 

, Reynolds  number  based  on  gap  between  the  cylinders. 

V.d. 

' w,  Reynolds  number  based  on  diametei*  of  rotating  inner 
^ cylinder. 


Schmidt  number  for  mass  transfer  of  species  k 


•mi 
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FIG.  5 SCHEMATIC  DIAGRAM  OF  THE  ELECROLYSING  AND  MEASURING 
CIRCUITS  USED  WITH  THE  CELL  FOR  ROTATING  ELECTRODES. 
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FIG.  8 MASS  TRANSFER  CORRELATION  BASED  ON  R•>.^‘UMBER  Rj,*7 
BENZOIC  ACtO  DISSOLUTION  INTO  WATER 
TEMPERATURE  RAN8E  23.0-28jS*C 
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FIG.  9 EFFECT  OF  GAP  TO  DIAMETER  RATIO  h/dl  UPON 
jg  IN  A CORRELATION  WITH  REYNOLDS  NUMBER 
BASED  ON  THE  GAP. 

BENZOIC  ACIO  DISSOLUTION  INTO  WATER 
TEMPERATURE  RANGE  23.0 -26.6 *C 


FIG.  10  MASS  TRANSFER  CORRELATION  BASED  ON  Ra-NUM8£R  Rd*^ 
BENZOIC  ACID  DISSOLUTION  INTO  WATER  *' 
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FIG.  13  BENZOIC  ACID  DISSOLUTION  INTO  WATER 

MASS  TRANSFER  FROM  ROTATING  CYLINDERS 


FIG.  14^ 


BENZOIC  ACID  DISSOLUTION  INTO  A 3.65  MOLAR 
GLYCERINE-WATER  SOLUTION  (C*2) 

MASS  TRANSFER  FROM  ROTATING  CYLINDERS 
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FIG.  IS  BENZOIC  ACID  DISSOLUTION  INTO  A 4.R4MOLAR  GLYCERINE-WATER  SOLUTION  (G-l) 

MASS  TRANSFER  FROM  ROTATING  CYLINDERS 


I. 


° ^ I g.-' 


di  cm 

SYMBOL 

o 

o 

0 

A 

V 

SOLUTION  No. 

9 

10 

13 

12 

A*I2 

1.273 

X 

• 

■ 

♦ 

A 

2.48 

+ 

• 

■ 

♦ 

A 

5.024 

« 

• 

■ 

♦ 

A 

V 

SERIES  H NO  DASH  OUTSIDE  DIA.  9.87  cm. 
SERIES  JH  HORIZ.  DASH  OUTSIDE  DIA.  6.07  cm. 


20a  400 


FIG.  17 
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ANODIC  OXIDATION  OF  FERROCYANiDE 
MASS  TRANSFER  AT  ROTATING  ELECTRODES 
, t krt  ..  *0.644  ^ . 


lOOOOO 


POINTS  REPRESENT  DATA  FOR  FIVE  SYSTEMS.  THREE 
SYSTEMS  ARE  FOR  BENZOIC  ACID  DISSOLUTION,  ONE 
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FI6.  19  MASS  TRANSFER  CORRELATION  FOR  INNER  ROTATING  CYLINDER 

COMPARISON  OF  FIVE  SYSTEMS  STUDIED  WITH  FRICTION  COEFFIENTS  f/2 
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Tabla  la.  Beneole  Add  PlBBolutlon  Into  Sater.  Av.  rotor  dl«,  g.oo  em. 
Mgaa  Tranafer  from  rotating  C7llnders. 


Rxm  dj 

o*  aa 


1.98 
8.00 
8.08 
8.00 

> 8.05 
1.97 
t 1.98 
I 1.99 
: 1.94 
1.95 
l.w7 
8.08 

1.94 

1.95 
1.94 

1.99 
8.00 
1.99 
1.99 
1.99 
8.04 
1.97 

1.96 
8.07 
8.07 


V 

ob/b»o 

1.057 

3.158 

4.474 

6.894 

8.544 

18.78 

15.88 

84.35 

85.86 

85.66 

85.95 

86.08 

88.59 

30.43 

30.54 

48.53 

65=31 

68.47 

76.98 

86.84 

98.49 

107.5 

114.1 

136.7 

173.8 


86.80 

85.40 

85.80 

84.90 
85.10 
85.00 

85.40 
85.70 

86.40 
85.10 
85.60 
85.50 
85.00 
85.80 
8C.60 

24.30 

24.90 
85.80 

85.30 
85.70 

85.60 

25.60 
25.60 
85.80 
24.90 


Huts  KxlO*^ 


0.7299 

1.573 

1.652 

1.877 

8.348 

3.048 

3.4321 

4.856 

5.299 

4.688 

5.0731 

5.303 

5.269 

5.894 

5.930 

5.848 

7.152 

9.144 

9.542 

12.72 

11.63 

12.45 

13.62 

15.49 

22.35 


kj^.l0‘ 


0.2615 
0.5212 
0.6373 
0,7274 
0.9431 
1.197 
1.349 
1.895 
2.018 
1.905 
1.988 
8.124 
8.105 
8.871 
8.224 
2.467 
3.047 
3.845 
4.020 
5.284 
4. 850 
5.238 
5.665 
6.564 
6.207 


cm* 

em  /see 

D.IO® 

2 

em  /see 

Motor  height 
So  3'p*10® 

0.8747 

1.031 

846.9 

19.00 

0.6888 

1.014 

876.7 

16.08 

0.6816 

1.023 

862.1 

11.06 

0.8981 

1.003 

895.8 

9.205 

0.8948 

1.007 

888.0 

8.741 

0.8961 

1.005 

891.8 

7,470 

0.8888 

1.014 

876.7 

6.9C1 

0.8834 

1.080 

865.7 

6.064 

0.8710 

1.035 

641.5 

6.091 

0.8941 

1.007 

887.9 

5.876 

0.8854 

1.018 

866.6 

5.985 

0.8871 

1.016 

873.1 

5.923 

0.8971 

1.005 

891.8 

5.846 

0.6816 

If  023 

862.1 

5.796 

0.8676 

1.059 

83  8 

5.545 

0.9099 

0.9692 

919.8 

4.737 

0.8981 

1.003 

695.8 

4.560 

0.8816 

1.023 

862.1 

4.363 

0.6912 

1.018 

881.0 

4.117 

0.8834 

1.080 

865.7 

4.708 

0.8854 

1.018 

669.6 

3.847 

0.8854 

1.018 

669.6 

3.801 

0.8854 

1.016 

869.6 

3.880 

0.6984 

1.009 

884.3 

3.736 

0.8921 

1.003 

695.8 

3,774 

839.3 

709.3 
1025 
1408 
1959 
8796 
3391 
5486 
5686 
5625 
5774 
6394 
6163 
6731 
6829 
9308 

11.850 
15.460 
17.180 
19.560 
28.690 
83.930 

85.850 
32.160 
40.800 


Tublslb, 


Series  1I| 


bento lo  Aold  Dlsaoltttion  into  Water,  av.  rotor  dla 
Haas  Trunafer  from  Hotutlnp;  CTllndors 
outside  dlut  d 3 10.10  cn.  Motor  helRht 


V 

OB|/seo 


e dlut  d = 10.10  cn. 
Hate  Mxl^ 


Motor  height 
DxlO®  So 


L ™ 09* 

JtpXlO* 


Tg — 

8.04 

1.06 

84.1 

0.5986 

0.8310 

0.9140 

0.9848  928.1 

17.80 

835< 

8B 

8.08 

8.07 

86.2 

1.011 

0,3717 

0.8747 

1.031 

848.9 

13.79 

478. 

SB 

8.01 

3.17 

85.6 

1.376 

0.5830 

0.8854 

1.018 

869.6 

10.98 

719, 

4B 

8.05 

5.24 

26.7 

1.9814 

0.7314 

0.8834 

1.020 

865.7 

10.98 

1216 

3B 

8.0S 

8.90 

25.6 

2.586 

0.9868 

0.8854 

1.018 

869.6 

8.664 

8040 

6B 

2.01 

11.6 

86.6 
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1.807 

0.8676 

1.039 

835.8 

8.015 

8655 

7B 

8.05 

15.9 

86.6 

3.806 

1.451 

0.8676 

1.059 

835.8 

6.930 

3766 

BB 

2.08 

10.9 

26.5 

4.356 

1.683 

0.8694 

1.037 

838,4 

6.791 

4396 

9B 

2.04 

85.7 

85.8 

5.184 

8.047 

0.8816 

1.023 

868.1 

6.178 

6956 

.OB 

8.00 

31.3 

25.4 

5.666 

2.308 
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1.014 

876.7 
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IB 
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oa*  ei^Me 


Banwlo  aeld  Plaaolntton  Into  Ifatar  Arm  rotor  dial  a|»  B«67  a«. 

liaaa  Tranafap  from  Rotating  Oyllndara 
outalda  dial  13«6d  ea.  Kotor  balght  L * 14.18 

t Fatamo®  kj,*XO®  «•  *4 

*0  a»la/oa®aao  oa^aaa  ea  ®/aao  ea.®/aae 


98 

8.B0 

6.137 

83.6 

1.801 

0.6006 

0.9964 

0.0716 

963.6  6.760 

3.908 

888 

8.89 

8.674 

96.1 

1.634 

0.6476 

0.9448 

1.007 

888.0  6.080 

6.349 

lom 

8.96 

18.40 

86.1 

8.077 

0.8691 

0.8648 

1.007 

888.0  6.660 

8.866 

108 

8.87 

18.60 

84.8 

8.049 

0.8468 

0.9001 

1.004 

896.6  5.360 

8,817 

18 

6.87 

18.68 

84.7 

8.386 

0.9978 

0.9080 

0.0988 

903.6  6.864 

8.864 

18X 

6.87 

13.71 

86.3 

8.884 

0.9840 

0.8918 

1.018 

881.0  6.309 

9.030 

118 

6.86 

18.80 

84.6 

8.789 

1.173 

0.9068 

0.9937 

9U.6  6.191 

11.770 

188 

6.84 

81.98 

84.6 

3.808 

1.874 

0.9038 

0.0969 

007.6  5.036 

14.090 

88 

8.87 

88.04 

86.1 

8.837 

1.366 

0.8949 

1.006 

880.6  4.908 

14.460 

1888 

6.85 

88.66 

86.6 

4.13-} 

1.736 

0.8864 

1.018 

660.6  4.751 

18.860 

48 

6.86 

49.19 

84.8 

6.437 

8.378 

0.9001 

0.9998 

900.0  3.856 

31.970 

1888 

8.98 

61.83 

86.6 

6.963 

8.410 

0.8694 

1.037 

838.4  3.648 

36.890 

188 

6.87 

83.86 

85.1 

6.466 

8.418 

0.8948 

1.007 

888.0  3.694 

34.960 

m 

6.88 

63.47 

86.6 

6.499 

8.848 

0.8864 

1.018 

869.6  3.497 

41.940 

8188 

8.94 

66.47 

88.1 

6.880 

8.088 

0.8773 

1.089 

658.5  3.396 

46.010 

tia 

6.88 

67.38 

86.3 

7.186 

3.188 

0.8919 

1.018 

881.0  3.669 

43.960 

81BX 

6.96 

67.48 

86.0 

6.663 

8.808 

0.8800 

1.085 

858.7  5.386 

46fOw0 

808 

6.88 

76.88 

86.6 

7.416 

8.867 

0.8864 

1.018 

669.6  3.347 

60.810 

8BX 

6.91 

76.99 

86.6 

7.384 

8.907 

0.8854 

1.018 

860.6  3.864 

61»S90 

88 

6.8a 

77.77 

86.0 

7.680 

8.408 

0.8961 

1.006 

891.6  3.479 

888 

6.87 

86.06 

84.4 

7.680 

8.834 

0.0078 

0.8917 

016.4  3.315 

56d65C 

• A ACM 

68 

8.80 

80.88 

86.0 

8.183 

3.664 

0.8961 

1.006 

691.8  X.860 

OOaOOO 

ro'aao 

688 

6.89 

89.66 

86.7 

8.848 

3.610 

0.8834 

1.080 

666.7  3.188 

WaWV 

848 

6.00 

91.19 

84.0 

7.68S 

3.678 

C.9161 

0.9886 

036.3  3.806 

©Of  T 

80 

6.69 

184.0 

86.7 

7.797 

4.474 

0.8834 

1.080 

666.7  8.810 

DAd  f wv 
©41.400 

80 

8.87  368.8 

86.8 

17.67 

10.10 

0.8816 

1.093 

668.1  8.166 

gabla  8b»  Banaola  Aold  Dlaaolatlon  Into  Watar.  at.  rotor  olai  8.84  WU 
Haaa  Tranafar  froa  Hotailna  OTlliXara 

Sariaa  1I|  outalda  dUt  4«*  10.10  ea.  Rotor  tolsbt  X » 14.19  oa. 


Sun  d.  V » Bata  tjjXO^ 

go.  oa.  oat^aao  *0  aol/ca  aae  oi>.aao 


SB 

BAS 

6.810 

85.8 

1.396 

0.5796 

3B 

6.98 

9.«1 

84.0 

1.673 

0.7494 

.8 

6.06 

16.30 

84.8 

8.840 

0.6868 

6B 

6.96 

84.97 

83.0 

2.694 

1.875 

7B 

6.96 

44.86 

84.6 

3.838 

1.996 

6B 

6.94 

66.79 

84. e 

4.401 

8.434 

9B 

6.93 

78.69 

88.8 

6.888 

S.974 

H AA 
AW 

S.^ 

93. ?S 

ie.i 

e.uz 

3.799 

11© 

8.98 

140.7 

84.9 

6.168 

4A86 

**•  J’d*^  ■< 

Slyaoo  ea  /aao ” 


0.6871 

1.016 

875.1 

7.310 

4,161 

0.9161 

0.9886 

938.3 

6.568 

6,091 

3.9001 

1.004 

896.8 

4.586 

10,860 

0,937 

0.9606 

976.6 

4.288 

16,880 

0.9038 

0.9989 

907.6 

6.688 

89,130 

0.8961 

1.003 

896.6 

6.416 

37,660 

0.8816 

1.083 

869.1 

S.140 

49,600 

0.8773 

1.099 

868.6 

3.118 

63,800 

0.8981 

a.008 

896.8 

8.731 

98,860 

4 PwpU  Ao14  Pl»«ol«tte»  tnto_,S.W  MoUr  OlTO*rln>.>^i»W»  8oltt»let> 
llfc»«  TnMfar  from  RotatlM  Crllndaf 

Koa  T r tUf  KilO®  k^iOO* 

>»•  M *0  molm/ot^  M«  O^M*  0?/M0  oa®/M* 


»bl»  ♦*.  AT*  yator  dl»t  B«03 

Xfd  BcO*  e.OW  BS.O  1*976 

ice  S.CS  S1*S7  88*0  8.888 

149  8*04  88.86  88*0  4*886 

189  8*08  184*1  88*1  7*890 

180  8*08  378*4  88*8  10*87 


tm»  8»rim»  III  ottt»ld»  dlat  10.10  m» 
Jtotor  tulaht  t ■ 14*18  om* 


0*4188  8*089 
0*7198  8*089 
1*819  8*089 
8*468  8*080 
8*989  8*018 


0*4184  8*088 
0*4194  8*088 
0*4184  8*088 
0*4184  8*006 
0.4998  4*988 


.8*48  788 
8*814  8*067 
8.878  6*667 
4*783  18*088 
4*881  17*640 


7abl«  4hi  49*  rotoy  6i«t  6« 


no  4*87  44*11  88*0  8.888 
889  4*80  808*8  88*0  8*979 


• 4. So  oa* 


1*087 

8*867 


a*ria«  III  Ottttide  dlat  10*10  «■* 
Kotor  b»t6h>  t ■ 14*18  oa* 
8*089  0.4194  8*089  8.648  9*017 

8*080  0*4194  8,089  3*489  41*880 


•■*■■  Bonoeio  A4-U  Pf  oolattoa  Into  4*44  ■olwr  oiyoortlii-^faUr  ^latigw*  aa* 

lh.«!,IB6agg-r.»a» d,"  4.W,— . 

iorlosXXl  estolOo  dial  d^  ■ 10*10  aa*  Koto?  lialiltt  I » 14*18  aa* 

ma  d^  V f Rato  IzlO*  1^x10*  t^yXlO®  EoOO®  So  «« 

Vo*  aai  oi^aoo  *0  aolo/ga®aao  em/u*»  09  */§09  oa*/ooo 


89 

4*88 

11.84 

89.0 

1*068 

0*8908 

8*031 

0*8779 

10*910 

9*986 

1*888 

99 

4.88 

17,88 

84.6 

1*887 

0*8838 

8*084 

0*8744 

11*168 

7*544 

8*480 

49 

4.87 

88*68 

24*9 

1*499 

0*4841 

8*089 

0*8770 

10*970 

7*465 

8*188 

89 

4.81 

67*48 

88*0 

8*518 

0*7888 

8*081 

0*8779 

10*910 

4*848 

9*586 

19 

4*81 

146.8 

80.1 

8*768 

1*4U 

9.088 

0*8767 

10*680 

8*768 

81*810 

99 

4.80 

806.8 

84.1 

5*186 

1.768 

8*100 

0*8708 

U*490 

8.578 

87*900 

89 

4*80 

870.7 

84*9 

6.410 

S.848 

8*089 

0*6770 

10.970 

8*880 

■88.800 

109 

4*80 

877.8 

84*4 

6*607 

8*018 

8*060 

0*8717 

11*890 

8*960 

88*700 

09 

4*18 

994*0 

84*8 

6.987 

8.601 

8*047 

0*8768 

11*080 

8*168 

45*770 

I . 
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Tablet  6 and  7 


Itoa ' du 

»>»  d 


? . T 

eV**a  *0 


Olaaaala  Aold  Piaaolatlon  Into  W«tar 
Maaa  Tranafar  from  Hotatlng  Cyllndara 

Rata  XxlO^  k,xlO*  v.JeIC*  DoilO®  Sc 
■ola/MT  ^aao  I2Vm*  oar/fo  ® 


cap 


Tabit  ••Sariaali  outalda  dial  d *lS*6d  aa*aa*  rotdr  dlat  d,al>93ea*Hot«r  balght  b*14»lS»M, 

■ -■  - . 9 _ . . 1 


dOK 

1»B»  89.68 

86.8 

0.4880 

1.606 

lOR 

1.B6  89.B9 

86.6 

0.4988 

1.749 

BOR 

l.Bl  41.48 

88*8 

0.6878 

1.904 

80 

1.94  48.46 

94.7 

0.6870 

1.948 

lOOR  l.BO  81.B1 

88.9 

O.r.48 

8.088 

dOR 

1.98  86.98 

86.8 

0.7647 

8.641 

BOR 

1*91  76.91 

86.4 

0.8160 

6.101 

VOR 

1.90  78.08 

86.8 

0.9889 

6.741 

ISCR  8.04  180.8 

86.4 

1.037 

4.041 

0.896 

0.9148 

978.8 

4.808 

8.853 

0.89^ 

0.9170 

978.1 

4.898 

8,681 

0.89i 

0.9148 

978.6 

3.888 

8,866 

0.9088 

1008. 

3.433 

10,380 

0.9301 

948.0 

4.176 

U,810 

O«0SI 

0.9880 

960.3 

3.088 

15,990 

0.9X98 

987.7 

3.607 

15,870 

0.8867 

0.9836 

969<.l 

3.987 

18,750 

0.8896 

0.8198 

967.7 

8.797 

87,700 

tabla  r.BarUt  X± 

160«  e»«0  M.M 
ifioa  e*M  14T.0 
so  e»M  UB.B 
aa  e*Bo  UB.a 
40  e.w  eio.i 
90  e*9X  948«V 
do  e*90  886.4 
ITOK  8.90  481.8 


art  at  da  dUt  d-.06.d8  f . Aa.  rct4e.Jla>  dcj^ABO  KPtPr^l^ 


94.8 

0.9779 

1.696 

O.BISO 

94.8 

0.9989 

1.868 

0.9011 

86.5 

0.7886 

3.678 

0.8914 

86.8 

0*8641 

3.098 

0.8934 

86.4 

0.8707 

4.960 

0.0896 

88.6 

1.070 

6.601 

0.8884 

88.5 

1.904 

8.555 

0.8914 

84.0 

1.878  . 

9.989 

0.9807 

0.8988 

1093. 

5.578 

17,ia6 

0.9060 

994.6 

7.176 

0.9170 

978.1 

1.938 

106,800 

0.9148 

978.6 

8.051 

106,609 

0.9198 

987.7 

1.976 

150,100 

0.9435 

980.4 

1.870 

185.800 

0.9170 

978.1 

1.927 

!8*,900 

0.8885 

1038. 

1.988 

859,900 

to. 


table  a.  Clnliaata  laid  PtaaolutloB  lato  Water,  av.  rotor  dial  d|  » 4.18  a»a. 
laaa  tiraqafar  fyan  Hgtatlag  OTllndaro 

dariaa  If  outalda  dial  d^«  16.88  oa.  Motor  bal^^  t 14.16  mu 

MBa  dj  T t Mata  RslO*  kjZlo’  ^ *« 

>0.  m eo^aao  *0  aola/oB^aao  ai^aao  ea  */aaa  «a*/aaa 


80 

4.55 

84.19 

84.6 

0.8608 

1.008 

0.9064 

0.9016 

1004. 

5.683 

11,870 

830RX  4.18 

86.16 

88.4 

0.9155 

3.719 

0.8708 

0.9410 

984.8 

3.609 

41,580 

850R 

4.18 

117.8 

86.8 

1.180 

4.515 

0.8741 

0.9348 

955.1 

5.156 

66,840 

84CR 

4.13 

188.7 

86.8 

0.7919 

5.514 

0.8954 

0.9148 

976.6 

8.801 

68,570 

170 

4.88 

170.5 

88.6 

1.581 

5.991 

0.8693 

0.9448 

OSO.l 

8.880 

88,870 

860R 

4.18 

182.5 

86*8 

1.186 

4.968 

0.8834 

0.9148 

976.6 

8.891 

84,070 

880RX 

4.13 

198.9 

86.5 

1.144 

4.014 

0.8911 

0.9166 

978.5 

8.096 

880R 

4.88 

199.8 

84.0 

1.164 

5.188 

0.90U 

0.9060 

994.6 

8.186 

94,^ 

180KX 

4.85 

219.9 

86.1 

1.081 

5.388 

0.8951 

0.9186 

980.9 

8^)88 

105,900 

140 

4.85 

826.8 

86.5 

1.806 

6.868 

0.8984 

0.9168 

975.4 

8.UR 

108,700 

180R 

4.i» 

235.1 

86.8 

1.586 

y.o7i 

6.8934 

Cft 

MM  * * 

.>  8MV99 
8»»  B 9R4 

.AO  «nA 

310R 

4.00 

260.8 

86.7 

1.888 

6.888 

0.8857 

0.9863 

9M.0 

8.069 

116,800 

870R 

4.U 

864.8 

96.8 

1.417 

7.820 

0.8054 

0.9148 

976.6 

8.581 

118,900 

8908 

4.10 

889.7 

84.7 

1.484 

7.4U 

0.9031 

0.9038 

999.8 

8.548 

182,400 

160 

4.83 

886.4 

85*8 

8.151 

10.78 

0.8954 

0.9148 

976.6 

5.185 

156,100 

Mlm  «,  fr  at  ■otatlm  Klmtred>«.  Ptwl-yewwyald*  Conpl*. 

sotottoo  »o.  18  11,999  ».  gtOHl 
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Table  B 


Coordinates  of  the  General  Ifaaa  Traneftr  Correlation  Oxigra 
for  Rotating  Cylinders  {see  Fig.  18) 


X 10' 

200 

18.4 

500 

15.0 

1,000 

10.2 

4,000 

6.55 

10,000 

4.88 

50,000 

5,54 

60,000 

2.06 

100,000 

2.61 

200,000 

2.24 

500,000 

2.05 
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